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We have recently demonstrated that both electron capture dissociation (ECD) and electron
detachment dissociation (EDD) can provide complementary sequence-specific cleavage of
DNA compared with collision activated dissociation (CAD) and infrared multiphoton disso-
ciation (IRMPD). However, EDD is preferred because of more extensive fragmentation at
higher sensitivity (due to its negative ion mode operation). Here, we extend the radical ion
chemistry of these two gas-phase ion-electron reaction techniques to the characterization of
RNA. Compared with DNA, rather limited information is currently available on the gas-phase
fragmentation of RNA. We found that the ECD fragmentation patterns of the oligoribonucleo-
tides A6, C6, and CGGGGC are nucleobase dependent, suggesting that cleavage proceeds
following electron capture at the nucleobases. Only limited backbone cleavage was observed
in ECD. EDD, on the other hand, provided complete sequence coverage for the RNAs A6, C6,
G6, U6, CGGGGC, and GCAUAC. The EDD fragmentation patterns were different from those
observed with CAD and IRMPD in that the dominant product ions correspond to d- and
w-type ions rather than c- and y-type ions. The minimum differences between oligoribonu-
cleotides suggest that EDD proceeds following direct electron detachment from the phosphate
backbone. (J Am Soc Mass Spectrom 2006, 17, 1369–1375) © 2006 American Society for Mass
SpectrometryDeoxyribonucleic acid (DNA) and ribonucleicacid (RNA) play several important roles in avariety of biological processes, including tran-
scription and translation. RNA molecules are unique
biopolymers in that they can both carry genetic infor-
mation and catalytic function [1–3]. As for proteins,
RNA function is structurally related and methods for
sensitive and detailed structural characterization are
needed. NMR spectroscopy is widely used for RNA
structural analysis [4, 5] but suffers from limited sensi-
tivity. Another powerful approach is chemical labeling
followed by fluorescence resonance energy-transfer
(FRET) measurements [6], which can provide single
molecule sensitivity [7]. However, structural information
from FRET is limited to distance constraints for the
added fluorophores and does not provide a detailed
picture.
McCloskey and coworkers pioneered mass spectro-
metric analysis of nucleic acids [8, 9] and have applied
LC-MS to the interrogation of RNA reaction mecha-
nisms and to the characterization of RNA modifications
[10 –12]. Tandem mass spectrometry (MS/MS) is widely
used to characterize oligonucleotides and PCR products
[13–18]. Particularly, dissociation of even-electron oli-
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techniques, including nozzle-skimmer dissociation [19],
collision activated dissociation (CAD) [20], infrared
multiphoton dissociation (IRMPD) [21], and multipole
storage-assisted dissociation [22] produces sequence-
specific [a  B] and w-type ions (McLuckey nomencla-
ture [23]) from cleavage of the phosphodiester back-
bone. With those techniques, nucleobase loss alone is
also observed as a major fragmentation pathway. Such
ions are not desired because they do not provide
sequence-specific information. We have shown that
irradiation of gas-phase oligodeoxynucleotide dications
with low-energy (0.2 eV) electrons (electron capture
dissociation (ECD) [24 –27]) provides complementary
sequence-specific backbone cleavage with the major
product ions being w and d ion series (corresponding to
cleavage of carbon-oxygen bonds at different sides of an
inter-residue phosphate group [23]). In addition, radical
a/z as well as (a/z B) and (c/x B) ions are produced
but nucleobase loss constitutes a minor fragmentation
pathway [28, 29]. ECD has also been shown to be “soft”
enough to retain gas-phase hydrogen bonding in dA6
(similar to protein ECD [30]), thereby allowing charac-
terization of higher order structure [29]. However,
because ECD requires cationic precursor ions, its sensi-
tivity for nucleic acid characterization is limited. Elec-
tron detachment dissociation (EDD), involving irradia-
tion with 10 eV electrons, was recently introduced by
Zubarev and coworkers as a means to evoke radical ion
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ions [31]. We have demonstrated that EDD can provide
extensive backbone fragmentation of oligodeoxynucle-
otides at higher sensitivity than ECD [32]. In addition,
EDD can cleave backbone covalent bonds without rup-
turing noncovalent interactions, thereby having poten-
tial for characterizing higher order structure.
RNA oligonucleotides (oligoribonucleotides) have
been much less characterized with MS/MS and their
fragmentation pathways are not as well known. A
couple of investigations have shown that low-energy
CAD results primarily in abundant c-type ions and their
complementary y-type ions as the major sequence ions
[33, 34], and a similar pattern was observed with
IRMPD [21]. Here, we present the fragmentation path-
ways in ECD and EDD of hexamer oligoribonucleotides
and discuss the utility of these two gas-phase ion-
electron reaction techniques for structural characteriza-
tion of RNA.
Experimental
Sample Preparation
Anion-exchange and high-performance liquid chroma-
tography purified A6, C6, G6, CGGGGC and GCAUAC,
and polyacrylamide gel electrophoresis purified U6
ammonium salts from TriLink BioTechnologies, Inc.
(San Diego, CA) were used without further purification.
Negative mode electrospray solvent consisted of 1:1
(vol/vol) isopropanol:water (Fisher, Fair Lawn, NJ)
with 10 mM ammonium acetate (Fisher). Positive mode
electrospray solvent consisted of 1:1 (vol/vol) acetoni-
trile:water (Fisher) with 0.5% formic acid (ACROS Or-
ganics, Fair Lawn, NJ). The final oligoribonucleotide
concentration was 5 to 20 M with the exception of G6,
which was electrosprayed at 100 M.
Fourier Transform Ion Cyclotron Resonance Mass
Spectrometry
All experiments were performed with a 7 tesla
quadrupole-Fourier transform ion cyclotron reso-
nance (Q-FT-ICR) mass spectrometer (Bruker Dalton-
ics, Billerica, MA), which has been previously de-
scribed [32]. Briefly, samples were infused via an
external Apollo electrospray ion source at a flow rate
of 70 L/h, mass selectively externally accumulated
for 1–10 s (except for the oligonucleotide G6, which
was accumulated for 60 s) and captured in the ICR
cell by dynamic trapping. The accumulation, ion
transfer, and capture events were looped twice for
improved precursor ion abundance. For ECD exper-
iments, further isolation was accomplished by corre-
lated harmonic excitation fields (CHEF) [35]) inside
the ICR cell. ECD and EDD were performed before
the trapping plate voltages were ramped down. The
initial trapping voltage was 2 V and the voltage
during excitation and detection was 1 V. An indi-rectly heated hollow dispenser cathode (previously
described [32]) was used to generate electrons for
ECD and EDD. During the EDD event, the cathode
voltage was pulsed to 18 V for 2 s. A lens located in
front of the cathode was kept at 19 V throughout
the experiment. For ECD, the cathode voltage was
pulsed to 1 V for 35–80 ms. The lens electrode was
kept at 1 V. All mass spectra were acquired with the
XMASS software (Bruker) in broadband mode from
m/z 200 to 2000 with 256 k data points and summed
over 32–50 scans. The calculated masses of the doubly
charged precursor ions and the charge-reduced spe-
cies were used for internal calibration of all spectra,
except for EDD of A6 and U6, which did not produce
the latter species. In those two cases, the w5/d5
product ion was used instead. Product ions were
assigned based on a 15 ppm error criterion.
Results and Discussion
Electron Capture Dissociation of A6 Dications
Figure 1 shows an ECD spectrum of the doubly proton-
ated RNA A6. The most abundant product ion in the
spectrum corresponds to the charge-reduced species,
which has captured an electron but not dissociated. The
isotopic distribution of this singly charged ion indicates
that it is mainly a radical ion, [M  2H]·, i.e., no
significant hydrogen loss (or gain) to produce an even-
electron species is seen [36]. The [M  2H]· species was
also dominant in ECD of dA6 [29] in contrast to other
oligodeoxynucleotides, which dissociated more readily.
The greater stability of A6 and dA6 charge-reduced
species is attributed to the presence of intramolecular
hydrogen bonds between the adenine bases and the
phosphate backbone, preventing product ions from
separating and thereby from being detected. Such in-
tramolecular gas-phase hydrogen bonding was previ-
ously proposed from both molecular modeling and
gas-phase hydrogen exchange experiments [37, 38].
In addition to the abundant charge-reduced radical
Figure 1. ECD (1 V bias voltage, 80 ms irradiation, 32 scans) of
the RNA A6. b/y, c/x, and d/w ions are observed in addition to an
abundant charged reduced radical species, [M  2H]·. Electronic
noise spikes are labeled with asterisks.species, several b/y, c/x, and d/w product ions are
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distinguished due to identical mass). The most abun-
dant of these are radical ions, i.e., they contain one
additional hydrogen atom compared with their even-
electron counterparts. However, a complete ion series is
not observed for either ion type. In low-energy CAD
and IRMPD of oligo RNA, y and c-type ions are the
most abundant products in addition to relatively minor
w and (a  B) ions [21, 34]. It has been proposed that
complementary c and y ion pairs result from direct
cleavage of the 5= POO bond [39]. Thus, neutral nucleo-
base loss is not expected for RNA, in contrast to CAD
and IRMPD of DNA, which proceeds through a base
loss intermediate [40]. Similarly, no base loss, [M  B],
ions are observed in ECD of A6.
The observed product ions are quite different from
ECD of the DNA dA6, which mainly resulted in d/w-
type ions but no b/y or c/x ions [29]. This drastically
different fragmentation behavior is presumably due to
different preferred fragmentation pathways as a result
of the hydroxyl group of the 2= sugar position.
Electron Capture Dissociation of C6 Dications
Figure 2 shows the mass spectrum resulting from ECD
of C6. The result is markedly different from that of A6
(Figure 1) in that only two d/w and (d/w  H2O) ions
are observed and no b/y or c/x ions are present. Very
limited backbone cleavage is seen, and full sequence
coverage cannot be obtained from the detected product
ions. The abundance of the charge reduced nondissoci-
ated species is much lower than for A6. The different
dissociation behavior of C6 compared with A6 suggests
that the ECD cleavage mechanism for RNA involves the
nucleobases. Because the nucleobases are the most
likely sites of protonation, one can envision electron
capture being preferred at those locations, creating a
radical site that can progress to ultimately result in
cleavage of the phosphodiester backbone. Electron cap-
ture at DNA nucleobases has been shown to be ener-
getically favored over direct capture by P¢O bonds for
Figure 2. ECD (1 V bias voltage, 80 ms irradiation, 32 scans) of
the RNA C6. The most abundant products correspond to w/d and
(w/d  H2O) ions. Electronic noise spikes are labeled with
asterisks.near zero eV electrons interacting with neutral DNA[41]. We argue that this preference should be even
stronger in the presence of nucleobase protonation. The
same authors showed that electron attachment to
nucleobases can cause backbone COO bond cleavage,
i.e., the analog of a/w or d/z-type cleavage, as previ-
ously proposed by Sanche and coworkers as an impor-
tant route to DNA damage [42]. The different behavior
for A6, i.e., the dominance of b/y and c/x ions, may be
related to its propensity for intramolecular hydrogen
bonding between the nucleobases and the phosphate
backbone, which could promote alternate radical mi-
gration as compared with C6. Possibly, alternate cleav-
age would also be observed for the same oligonucleo-
tide by varying the electron energy, similar to
theoretical results obtained for neutral DNA [41, 42].
However, because we are operating in the “multi-pass”
ECD regime, i.e., electrons are reflected through the ICR
cell and can therefore cool to the optimum energy for
capture [43], such experiments are difficult to perform
in our current configuration.
Abundant (d/wH2O) ions were also found in ECD
of the oligodeoxynucleotide dC6, and were proposed to
be formed from a pentavalent phosphorane intermedi-
ate involving the 5= hydroxyl group [28]. Such a rear-
rangement does not involve the 2= position of the sugar
and can therefore also be envisioned for RNA.
Electron Capture Dissociation of CGGGGC
Dications
Doubly protonated precursor ions were not detected for
G6 or U6. U6 has a very low proton affinity [37] and
guanosine oligomers can easily form quadruplexes,
which can be difficult to solubilize. The G6 hexamer
may represent the worst possible scenario because it is
long enough to allow quadruplex formation but short
enough to not have a sufficient number of phosphate
groups to aid solubility. Thus, to investigate the influ-
ence of guanine on the ECD fragmentation of RNA, we
analyzed the G-rich oligonucleotide CGGGGC.
Table 1 lists the corresponding ECD products. Here,
both w/d, c/x, and b/y fragments as well as one (w/d
Table 1. Product ions observed from ECD (40 ms irradiation,
1 V bias voltage, 50 scans) of the RNA CGGGGC. Ions labeled
w can also be d ions, ions labeled b can also be y ions, and ions
labeled c can also be x ions
Observed m/z Calculated m/z Assignment Error (ppm)
965.1655 965.1655 [M  2H]2 Calibrant
1359.202 1359.201 w4
 0.8
1553.199 1553.199 (w5  G)
 0.1
1625.289 1625.290 b4
· 0.9
1686.238 1686.238 c5
 0.1
1704.249 1704.249 w5
 0.1
1746.258 unknown
1758.254 unknown
1778.290 unknown
1929.317 1929.324 [M  H] 3.3
1930.331 1930.331 [M  2H] Calibrant
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nated. The charge reduced radical species was more
dominant than for C6. As for the other oligoribonucleo-
tides, backbone cleavage was limited. The appearance
of the CGGGGC ECD spectrum was more similar to the
one for C6 (Figure 2) than the one for A6 (Figure 1)
although no (d/wH2O) ions were observed. Guanine,
being a purine, has also been shown to be involved in
extensive gas-phase intramolecular hydrogen bonding
[44], which may explain the presence of b/y and c/x
ions, as observed for A6. However, the hybrid nature of
CGGGGC may result in d/w ion formation as the
preferred fragmentation pathway, similar to C6.
Electron Capture Dissociation of GCAUAC
Cations
To further investigate the ECD behavior of a hybrid
oligoribonucleotide and also discriminate between a
and z, b and y, c and x, as well as w and d ions, the
asymmetric oligoribonucleotide GCAUAC was ana-
lyzed. Figure 3 shows the corresponding ECD spec-
trum. Similar to the results for symmetric oligoribonu-
cleotides, only limited backbone cleavage is observed
with d and w-type ions being dominant. No b/y ions
were detected in this spectrum. Thus, the precise iden-
tity of the b/y ions observed above remains unclear.
However, for GCAUAC, one c-type ion was observed,
rendering its complementary y ions the most probable
assignment for b/y ion pairs, similar to the dissociation
observed in CAD and IRMPD.
Electron Detachment Dissociation of A6 Dianions
The ECD data discussed above show that only limited
backbone cleavage is observed for oligoribonucleotides,
contrary to the rather extensive cleavage observed for
DNA [29]. Thus, the 2= hydroxyl group is likely in-
volved in the dissociation process, consistent with a
mechanism depicting initial electron capture at the
nucleobases. However, for both DNA and RNA oligo-
Figure 3. ECD (1 V bias voltage, 35 ms irradiation, 32 scans) of
the RNA GCAUAC. Electronic noise spikes are labeled with
asterisks.nucleotides, ionization in positive mode, which is re-quired for ECD, is not very efficient, and T6 and U6
could not be characterized. We have previously shown
that negative mode ionization results in a tenfold im-
provement in sensitivity and that EDD can provide
extensive cleavage of hexamer DNAs [32]. Thus, the
oligoribonucleotides discussed above were also sub-
jected to EDD.
An EDD spectrum of the RNA A6 is shown in Figure
4 (top). Doubly deprotonated A6 anions were dissoci-
ated at a cathode bias voltage of 18.1 V with 2 s
irradiation time. The entire d/w and c/x ion series, three
b/y, one a/z, one (c/x  B), and one (d/w  H2O) ion
were observed. The presence of a plentitude of sequence-
specific product ions is similar to the EDD behavior of
the DNA dA6 [32]. However, some differences are
noted: first, we do not observe a charge reduced radical
ion in EDD of A6 and only one radical product ion, [M
 A]·, is present; second, we did not observe b/y or
(d/w  H2O) ions in EDD of dA6; third, c/x ions are
more abundant in EDD of the RNAA6. We believe these
differences may be rationalized by the presence of the 2=
hydroxyl group. A proposed mechanism for EDD of
peptides involves electron detachment from deproto-
nated sites, e.g., backbone amide nitrogens [45]. The
preferred deprotonation sites in oligonucleotides are
the backbone phosphate groups. Thus, direct electron
detachment from the backbone is likely although a
detailed cleavage mechanism has not yet been pro-
posed. Such a process, occurring remote from the
Figure 4. EDD (18.1 V bias voltage, 2 s irradiation, 32 scans) of
the RNAs A6 (top) and C6 (bottom). Complete d/w and c/x ion
series are observed (only one of the labels is given), allowing full
sequencing of the oligonucleotides. Electronic noise spikes are
labeled with asterisks.
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in EDD of various DNA sequences [32] and it is also
consistent with the lower ionization energy of phos-
phate anions (in the range 1.16 – 4.57 eV [46]) compared
with the most readily ionized nucleobase (guanine, 8.24
eV [47]). However, regardless of mechanism, the data in
Figure 4, (top) demonstrate much more extensive frag-
mentation in EDD compared with ECD of A6. In addi-
tion, the cleavage pattern in EDD is complementary to
that of CAD, IRMPD, and ECD in that w/d-type ions are
the most abundant products rather than c and y-type
ions. Finally, the EDD data allows complete sequencing.
Electron Detachment Dissociation of C6 Dianions
Figure 4 (bottom) shows an EDD spectrum from C6. As
for A6 (Figure 4 top), the entire d/w and c/x ion series
are present as well as two complementary a/z ions,
three b/y, and two (d/w  H2O) ions. Base loss is a
minor fragmentation pathway and, again, the d/w ion
series constitutes the dominant fragmentation channel.
These data support a cleavage mechanism involving
direct electron detachment from the phosphate back-
bone because there is no apparent nucleobase effect.
In addition to the singly charged product ions listed
above, several doubly charged fragments are observed,
including c/x5
2, b/y5
2, and w/d5
2. Doubly charged
ions are not expected in EDD of doubly charged pre-
cursor ions because the fragmentation proceeds via
charge reduction [31]. However, such ions have been
previously observed and were suggested to either be
formed from zwitterionic precursor ions, or to be a result
of direct vibrational or electronic excitation (electron-
induced dissociation (EID) [48]). As for A6, more exten-
sive backbone cleavage is observed in EDD compared
with ECD and full sequence coverage is obtained.
Electron Detachment Dissociation of G6
and CGGGGC Dianions
As mentioned above, the oligoribonucleotide G6 can be
Figure 5. EDD (18.3 V bias voltage, 2 s irradiation, 32 scans) of
the RNA G6. Complete d/w and c/x ion series are observed,
allowing full sequencing of the oligonucleotide. Electronic noise
spikes are labeled with asterisks.difficult to solubilize. Thus, a higher concentration (100M) and longer accumulation time (60 s) were needed
to build up sufficient signal for EDD. Figure 5 shows the
EDD spectrum from G6. As for A6 and C6 (Figure 4), the
entire d/w and c/x ion series are present as well as
some b/y, (d/w  H2O) and nucleobase loss fragment
ions.
Base loss is more abundant for G6 than for the other
oligo RNAs, consistent with previous EDD and ECD
experiments of DNA and PNA, which also showed
facile guanine loss [29, 32, 49]. However, guanine loss is
still a minor fragmentation pathway and the d/w ion
series constitutes the dominant fragmentation channel.
The EDD behavior of G6 was observed to be rather
sensitive to the experimental conditions, similar to ECD
of dA6 [29], possibly due to variations in the gas-phase
structure with more or less intramolecular hydrogen
bonding. The precursor ions of CGGGGC were easier to
generate than those of G6. However, their fragmenta-
tion patterns were very similar, except that no (w/d 
H2O) ions were detected for CGGGGC and more abun-
dant doubly charged product ions were observed for
that oligonucleotide, consistent with the presence of
cytosine.
Electron Detachment Dissociation of U6 Dianions
Figure 6 shows the EDD spectrum from U6. As for the
other RNAs (Figures 4 and 5), the entire d/w ion series
is present as well as some c/x and b/y ions. No base loss
product ions are observed. One difference compared
with EDD of A6, C6, and G6 is that the abundances of
b/y and c/x ions are comparable to those of d/w ions.
However, U6 is unique in that it is highly unlikely to be
zwitterionic because of its low proton affinity (similar to
dT6 [32]). The effect of salt bridges on the EDD mecha-
nism is unknown but may influence the fragmentation
behavior.
Because U6 is not likely to be zwitterionic, the doubly
charged products c5
2, b5
2, and w5
2 are likely a result
of direct vibrational or electronic excitation. As for the
other RNAs, full sequencing can be accomplished from
the d/w ion series.
Figure 6. EDD (18.1 V bias voltage, 2 s irradiation, 32 scans) of
the RNA U6. A complete d/w ion series is observed, allowing full
sequencing of the oligonucleotide. Electronic noise spikes are
labeled with asterisks.
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Dianions
As for the ECD experiments, we characterized the
hybrid oligoribonucleotide GCAUAC to determine the
precise identity of ambiguous ion pairs. Table 2 lists the
product ions observed in the corresponding EDD spec-
trum. Extensive backbone cleavage, including the entire
w ion series, three d-type, four c-type, one x-type, and
three y-type ions were detected along with a couple of
doubly charged products and products involving
nucleobase and/or water loss. This range of fragments
reveals that the most probable assignment of b/y and
c/x ion pairs are as y and c ions, similar to the
dissociation observed in CAD and IRMPD. By contrast,
the observed w/d ion pairs are likely a mixture of both
w and d-type ions, as observed in EDD of DNA.
Conclusions
This article demonstrates ECD and EDD of hexamer
oligoribonucleic acids. The ECD results show a strong
nucleobase dependence: A6 generated mostly c and
y-type ions, similar to the fragmentation patterns ob-
served in CAD and IRMPD, whereas C6 only yielded d
and w-type ions (similar to ECD of DNA). Other RNAs
showed a mixture of those ion types. This behavior
supports an ECD cleavage mechanism involving elec-
tron capture at the nucleobases, consistent with recent
Table 2. Product ions observed from EDD (2 s irradiation,
18.2 V bias, 32 scans) of the RNA GCAUAC
Observed m/z Calculated m/z Assignment Error (ppm)
322.0433 322.0444 w1
 3.4
344.0390 344.0401 c1
 3.2
571.1315 571.1306 y2
 1.6
649.0808 649.0814 c2
 0.9
651.0997 651.0969 w2
 4.3
795.1051 795.1044 w5
2 0.9
806.1061 806.1022 c5
2 4.8
860.1172 860.1177 [M  A]2 0.6
877.1580 877.1559 y3
 2.4
918.6394 918.6396 [M  H2O]
2 0.2
927.6449 927.6449 [M  2H]2 Calibrant
939.1186 939.1117 x3
 7.3
957.1233 957.1222 w3
 1.1
978.1355 978.1339 c3
 1.6
996.1460 996.1445 d3
 1.5
1206.206 1206.208 y4
 1.7
1284.162 1284.159 c4
 2.3
1286.169 1286.175 w4
 4.7
1302.183 1302.170 d4
 10
1591.211 1591.216 w5
 3.1
1625.222 unknown
1645.215 unknown
1648.234 unknown
1687.230 unknown
1631.231 1631.222 d5
 5.5
1744.240 1744.270 [M  U] (?) 17
1855.289 1855.289 [M  2H]2 Calibranttheoretical work for neutral DNA. Such a mechanismcan be influenced by the presence of a 2= hydroxyl
group. However, only limited backbone cleavage was
observed in ECD, precluding complete sequencing.
EDD appears more promising for RNA structural char-
acterization because more extensive backbone cleavage
was observed at higher sensitivity. Here, w and d ion
series constitute the most abundant fragmentation
channels, similar to EDD of DNA. The only exception is
U6 for which w/d-type cleavage competes with c/y-
type cleavage. We propose that the EDD cleavage
process is initiated via direct electron detachment from
the deprotonated phosphate backbone. EDD provided
full sequence coverage for all RNAs.
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